We have previously reported that protein kinase C negatively regulates basic fibroblast growth factor (FGF-2)-stimulated synthesis of interleukin-6 (IL-6), a potent bone resorptive agent, in osteoblast-like MC3T3-E1 cells. To further clarify the mechanism underlying the synthesis of IL-6 in osteoblasts, we investigated whether p70 S6 kinase is involved in the FGF-2-stimulated IL-6 synthesis in these cells. Rapamycin, an inhibitor of p70 S6 kinase, significantly enhanced the FGF-2-stimulated IL-6 synthesis in a dose-dependent manner. Downregulation of p70 S6 kinase by siRNA markedly amplified the FGF-2-stimulated IL-6 synthesis. 12-O-Tetradecanoylphorbol-13-acetate (TPA), a direct activator of protein kinase C, induced the phosphorylation of p70 S6 kinase. Go6976 and bisindolylmaleimide I, inhibitors of protein kinase C, suppressed the TPA-stimulated phosphorylation of p70 S6 kinase. Additionally, protein kinase C inhibitors markedly reduced the phosphorylation of p70 S6 kinase induced by FGF-2. These results strongly suggest that p70 S6 kinase functions at a point downstream of protein kinase C and limits the FGF-2-stimulated IL-6 synthesis in osteoblasts.
Introduction
Interleukin-6 (IL-6), which is a multifunctional cytokine that has important physiological effects on a wide range of functions such as promoting B-cell differentiation, T-cell activation, and inducing acute phase proteins (Akira et al. 1993 , Heymann & Rousselle 2000 , Kwan et al. 2004 , is one of the most potent osteoclastogenic factors (Ishimi et al. 1990 , Roodman 1992 , Akira et al. 1993 , Kwan et al. 2004 . Bone metabolism is strictly regulated by two functional cells, osteoblasts and osteoclasts, responsible for bone formation and bone resorption respectively (Nijweide et al. 1986) . Bone resorption may be enhanced by the increased local production of inflammatory cytokines such as tumor necrosis factor-a and interleukin-1. In osteoblasts (Helle et al. 1988 , Ishimi et al. 1990 , Littlewood et al. 1991 , it has been reported that bone resorptive agents such as tumor necrosis factor-a and interleukin-1 stimulate the synthesis of IL-6. Thus, accumulating evidence indicates that IL-6 secreted from osteoblasts plays a crucial role as a downstream effector of bone resorptive agents.
Osteoblasts synthesize basic fibroblast growth factor (FGF-2), and FGF-2 is embedded in bone matrix (Baylink et al. 1993 , Hurley et al. 1993 . It is well known that FGF-2 expression in osteoblasts is detected during fracture repair (Bolander 1992) . Therefore, there is no doubt that FGF-2 plays a crucial role in fracture healing, bone remodeling, and osteogenesis (Marie 2003) . We have previously reported that FGF-2 autophosphorylates FGF receptors 1 and 2 among four structurally related high-affinity receptors in osteoblast-like MC3T3-E1 cells (Suzuki et al. 1996) . As for IL-6 synthesis in osteoblasts, we have shown that FGF-2 induces IL-6 synthesis in osteoblasts (Kozawa et al. 1997a ). In addition, we have reported that FGF-2 induces IL-6 synthesis via the activation of p38 MAPK, but also limits the over-synthesis of IL-6 via the activation of protein kinase C pathways (Kozawa et al. 1997a (Kozawa et al. , 1999 . However, the exact mechanism underlying the IL-6 synthesis in osteoblasts remains to be clarified.
It is well recognized that p70 S6 kinase is a mitogenactivated serine/threonine kinase, which is required for cell proliferation and G1 cell cycle progression (Pullen & Thomas 1997) . In osteoblasts, it has been shown that fluoroaluminate upregulates p70 S6 kinase phosphorylation (Susa et al. 1997) . We have previously reported that p70 S6 kinase plays a role as a negative regulator in platelet-derived growth factor BB-stimulated synthesis of IL-6 in osteoblast-like MC3T3-E1 cells (Takai et al. 2007a) . With regard to FGF-2 effect on osteoblasts, we recently demonstrated that FGF-2 induces the activation of p70 S6 kinase in osteoblast-like MC3T3-E1 cells, and the activated p70 S6 kinase plays an inhibitory role in the FGF-2-stimulated release of vascular endothelial growth factor (VEGF) through upregulation of stressactivated protein kinase/c-Jun N-terminal kinase, composing a negative feedback loop, in osteoblasts (Takai et al. 2007b) . However, the exact role of p70 S6 kinase in osteoblasts has not yet been fully elucidated.
In the present study, we investigated whether p70 S6 kinase is involved in the FGF-2-stimulated IL-6 synthesis in osteoblast-like MC3T3-E1 cells. We here show that p70 S6 kinase activated by FGF-2 negatively regulates IL-6 synthesis at a point downstream from protein kinase C in these cells.
Materials and Methods

Materials
Recombinant human FGF-2 and mouse IL-6 enzyme immunoassay (ELISA) kit was purchased from R&D Systems Inc. (Minneapolis, MN, USA). Rapamycin, bisindolylmaleimide I, Go6976, and calphostin C were obtained from Calbiochem-Novabiochem Co. (La Jolla, CA, USA). 12-OTetradecanoylphorbol-13-acetate (TPA) was purchased from Sigma Chemical Co. Phospho-specific p70 S6 kinase antibodies were purchased from Cell Signaling Inc. (Beverly, MA, USA). Enhanced chemiluminescence (ECL) Western Blotting Detection System was purchased from Amersham Biosciences. Control short interfering RNA (siRNA; Silencer Negative Control no. 1 siRNA) or p70 S6 kinase siRNA (Silencer Predesigned siRNA, siRNA ID no. 75849, 75755, and 75942) was purchased from Ambion (Austin, TX, USA). siLentFect was purchased from Bio-Rad. Other materials and chemicals were obtained from commercial sources. Rapamycin, TPA, bisindolylmaleimide I, Go6976, and calphostin C were dissolved in dimethyl sulfoxide. The maximum concentration of dimethyl sulfoxide was 0 . 1%, which did not affect the assay for IL-6 or western blot analysis.
Cell culture
Cloned osteoblast-like MC3T3-E1 cells derived from newborn mouse calvaria (Sudo et al. 1993) were maintained as described previously (Kozawa et al. 1997b) . Briefly, the cells were cultured in a-minimum essential medium (a-MEM) containing 10% fetal calf serum (FCS) at 37 8C in a humidified atmosphere of 5% CO 2 /95% air. The cells were seeded onto 35 mm (5!10 4 ) or 90 mm (5!10 5 ) diameter dishes in a-MEM containing 10% FCS. After 5 days, the medium was exchanged for a-MEM containing 0 . 3% FCS.
The cells were used for experiments after 48 h. Primary cultured osteoblasts were obtained from the calvaria of newborn (1 or 2 days old) balb/c mice as described previously (Yoshida et al. 2004) . The cells were seeded onto 90 mm diameter dishes (25!10 4 cells) in a-MEM containing 10% FCS. The medium was changed every 3 days until the cells reached confluence. Then, the medium was exchanged for a-MEM containing 0 . 3% FCS. The cells were used for experiments after 48 h.
IL-6 assay
The cultured cells were stimulated by various doses of FGF-2 in 1 ml a-MEM containing 0 . 3% FCS for the indicated periods. When indicated, the cells were pretreated with rapamycin for 60 min. The conditioned medium was collected at the end of the incubation, and the IL-6 concentration was measured by ELISA kit according to the manufacturer's instruction. The assay kit can detect the mouse IL-6 in the range between 7 . 8 and 250 pg/ml. When the samples generate values greater than 250 pg/ml, the samples were adequately diluted with calibrator diluent provided with the kit and re-assayed. The absorbance of ELISA samples was measured at 450 nm with EL 340 Bio Kinetic Reader (Bio-Tek Instruments Inc., Winooski, VT, USA).
Short interfering RNA transfection
To knock down p70 S6 kinase in MC3T3-E1 cells, the cells were transfected with control siRNA (Silencer Negative Control no. 1 siRNA) or p70 S6 kinase siRNA (Silencer Predesigned siRNA, siRNA ID no. 75849, 75755, and 75942, Ambion) using the siLentFect (Bio-Rad) according to the manufacturer's protocol. In brief, the cells were seeded onto 35 mm (1!10 5 ) diameter dish in a-MEM containing 10% FCS and subcultured for 48 h. After that, the cells were incubated at 37 8C for 48 h with 250 nM siRNA-siLentFect complexes. As a result, we confirmed that siRNA ID no. 75849 had a most prominent effect to silence the p70 S6 kinase among these three siRNAs. The siRNA ID no. 75849 caused w80% reduction in the p70 S6 kinase levels compared with those of control siRNA (Takai et al. 2007b) . Then, we used siRNA ID no. 75849 in the experiment of the effect of p70 S6 kinase downregulation on the FGF-2 stimulated IL-6 synthesis.
Western blot analysis
The cultured cells were stimulated by TPA or FGF-2 in a-MEM containing 0 . 3% FCS for the indicated periods.
When indicated, the cells were pretreated with bisindolylmaleimide I, Go6976, and calphostin C for 60 min. The cells were washed twice with PBS and then lysed, homogenized, and sonicated in a lysis buffer containing 62 . 5 mM Tris-HCl (pH 6 . 8), 2% SDS, 50 mM dithiothreitol, and 10% glycerol.
The cytosolic fraction was collected as a supernatant after centrifugation at 125 000 g for 10 min at 4 8C. SDS-PAGE was performed according to Laemmli (1970) in 10% polyacrylamide gel. Western blot analysis was performed as described previously (Kato et al. 1996) using phospho-specific p70 S6 kinase antibodies and p70 S6 kinase antibodies, with peroxidase-labeled antibodies raised in goat against rabbit IgG being used as secondary antibodies. Peroxidase activity on the polyvinylidene fluoride (PVDF) sheet was visualized on X-ray film by means of the ECL Western Blotting Detection System. The densitometric analysis was performed using Molecular Analyst/Macintosh (Bio-Rad Laboratories).
Statistical analysis
The data were analyzed by ANOVA followed by the Bonferroni method for multiple comparisons between pairs, and P!0 . 05 was considered significant. All data are presented as the meanCS.E.M. of triplicate determinations from three independent cell preparations. Each experiment was repeated three times with similar results.
Results
Effect of rapamycin on the FGF-2-stimulated IL-6 synthesis in MC3T3-E1 cells
We have previously shown that FGF-2 induces the activation of p70 S6 kinase in osteoblast-like MC3T3-E1 cells (Takai et al. 2007b ). In addition, we have also previously reported that the levels of phosphorylated p70 S6 kinase reached its peak at 45 minutes after the stimulation of FGF-2 and decreased thereafter (Takai et al. 2007b) . In order to clarify the involvement of p70 S6 kinase in the FGF-2-induced synthesis of IL-6 in MC3T3-E1 cells or not, we examined the effect of rapamycin, a specific inhibitor of p70 S6 kinase (Kuo et al. 1992 , Price et al. 1992 , on the FGF-2-stimulated synthesis of IL-6. We have previously showed that FGF-2 induces IL-6 synthesis by MC3T3-E1 cells in a time-dependent manner (Kozawa et al. 1997a) . Rapamycin, which had no effect on the basal levels of IL-6, significantly amplified the FGF-2-induced synthesis of IL-6 in a time-dependent manner. The amplifying effect of rapamycin was observed at least 6 h after FGF-2 stimulation (Fig. 1A) . In addition, the amplifying effect of rapamycin was dose dependent in the range between 1 and 50 ng/ml (Fig. 1B) . Rapamycin at 50 ng/ml caused w300% enhancement in the FGF-2 effect. We next examined the effect of rapamycin in primary cultured mouse osteoblasts. We found that FGF-2 significantly induced IL-6 synthesis also in these osteoblasts. In addition, rapamycin significantly increased the FGF-2-stimulated IL-6 synthesis in the range between 10 and 50 ng/ml (Fig. 1C) .
Effect of p70 S6 kinase down regulation on the FGF-2-stimulated IL-6 synthesis in MC3T3-E1 cells
To further confirm the enhancement by rapamycin of IL-6 synthesis, we examined the effect of p70 S6 kinase downregulation by p70 S6 kinase siRNA on the IL-6 synthesis induced by FGF-2 in osteoblast-like MC3T3-E1 cells. We previously found that p70 S6 kinase siRNA (250 nM) caused w80% reduction in the p70 S6 kinase levels compared with those of control siRNA (Takai et al. 2007b ). In the p70 S6 kinase downregulated cells, the basal levels of IL-6 were upregulated while the levels of IL-6 were undetectable in the control siRNA-transfected cells (Fig. 2) . The FGF-2-induced levels of IL-6 synthesis in p70 S6 kinase downregulated cells were markedly enhanced compared with those in the control cells. Downregulation of p70 S6 kinase caused approximately ten times enhancement in the FGF-2 effect (Fig. 2) .
Effect of TPA on the phosphorylation of p70 S6 kinase in MC3T3-E1 cells
In our previous studies (Suzuki et al. 1996 , Kozawa et al. 1997a , we have reported that FGF-2 stimulates the activation of protein kinase C through hydrolysis of phospholipase C-induced phosphoinositide and phospholipase D-induced phosphatidylcholine in osteoblast-like MC3T3-E1 cells, and the protein kinase C activation plays an inhibitory role in the FGF-2-stimulated IL-6 synthesis. In order to investigate whether protein kinase C induces p70 S6 kinase activation in MC3T3-E1 cells, we examined the effect of TPA, a direct activator of protein kinase C (Nishizuka 1991) , on the phosphorylation of p70 S6 kinase. The stimulation of TPA time dependently induced the phosphorylation of p70 S6 kinase (Fig. 3) . The effect of TPA was observed 10 min after the stimulation of FGF-2 and the maximum effect was at 45 min.
Effects of Go6976 or bisindolylmaleimide I on the TPA-induced phosphorylation of p70 S6 kinase in MC3T3-E1 cells
We examined the effect of Go6976, a potent inhibitor of protein kinase C (Martiny-Baron et al. 1993), on the TPAinduced phosphorylation of p70 S6 kinase in MC3T3-E1 cells. Go6976 markedly reduced the phosphorylation of p70 S6 kinase (Fig. 4A) . The effect of Go6976 was dose dependent in the range between 0 . 3 and 3 mM. In addition, bisindolylmaleimide I (30 mM), another inhibitor of protein kinase C (Toullec et al. 1991) , almost completely suppressed the TPA-induced phosphorylation of p70 S6 kinase (Fig. 4B) . The effect of bisindolylmaleimide I was dose dependent in the range between 3 and 30 mM. S TAKAI and others . Regulation by p70 S6 kinase of IL-6 synthesis Effects of Go6976, bisindolylmaleimide I, or calphostin C on the FGF-2-induced phosphorylation of p70 S6 kinase in MC3T3-E1 cells
We next examined the effects of protein kinase C inhibitors on the FGF-2-induced phosphorylation of p70 S6 kinase in MC3T3-E1 cells. The FGF-2-induced phosphorylation of p70 S6 kinase was markedly attenuated by Go6976 or bisindolylmaleimide I (Fig. 5A and B) . Furthermore, calphostin C, an inhibitor of protein kinase C (Kobayashi et al. 1989) , significantly suppressed the FGF-2-induced phosphorylation of p70 S6 kinase (Fig. 5C) . Finally, we confirmed that the suppressive effects of these inhibitors were dose dependent.
Discussion
In our previous study, we showed that FGF-2 stimulated the IL-6 synthesis time dependently up to 48 h, and the effect was dose dependent between 1 and 30 ng/ml (Kozawa et al. 1997a) . In this study, we investigated whether p70 S6 kinase functions in the FGF-2-stimulated IL-6 synthesis or not in these cells. Rapamycin, a specific inhibitor of p70 S6 kinase (Kuo et al. 1992 , Price et al. 1992 , significantly amplified the FGF-2-stimulated synthesis of IL-6 in MC3T3-E1 cells. We found that rapamycin enhanced the FGF-2-stimulated IL-6 synthesis also in primary cultured mouse osteoblasts. These findings suggest that suppressive effect by p70 S6K on the FGF-2-stimulated IL-6 synthesis is not specific in a clonal osteoblast-like MC3T3-E1 cells but it is common in osteoblasts. We previously found that rapamycin strongly attenuated the FGF-2-induced phosphorylation of p70 S6 kinase (Takai et al. 2007b ). In addition, the FGF-2-stimulated IL-6 synthesis was enhanced by downregulation of p70 S6 kinase by siRNA in MC3T3-E1. These results strongly suggest that FGF-2-activated p70 S6 kinase suppresses the FGF-2-stimulated IL-6 synthesis. Therefore, it is possible that p70 S6 kinase signaling activated by FGF-2 negatively regulates the FGF-2-induced over-synthesis of IL-6 in osteoblast-like MC3T3-E1 cells.
It is generally recognized that 1) the activity of p70 S6 kinase is regulated by multiple phosphorylation events (Pullen & Thomas 1997) and 2) phosphorylation at Thr389 most strongly correlates with p70 S6 kinase activity among the phosphorylation sites (Pullen & Thomas 1997) . In the present study, we demonstrated that TPA time-dependently induced the phosphorylation of p70 S6 kinase at Thr389 in osteoblastlike MC3T3-E1 cells using phospho-specific p70 S6 kinase (Thr389) antibodies. In addition, the TPA-induced phosphorylation of p70 S6 kinase was markedly attenuated by Go6976, a potent inhibitor of protein kinase C. Furthermore, we found that bisindolylmaleimide I, another protein kinase C inhibitor, suppressed the p70 S6 kinase phosphorylation. Based on these results, it is most likely that p70 S6 kinase activation occurs via the activation of protein kinase C in osteoblast-like MC3T3-E1 cells.
We have previously reported that FGF-2 induces the activation of protein kinase C via phosphoinositide hydrolysis and phosphatidylcholine hydrolysis in osteoblast-like MC3T3-E1 cells, resulting in the negative regulation of the FGF-2-stimulated IL-6 synthesis (Suzuki et al. 1996 , Kozawa et al. 1997a . Taken together, our findings led us to speculate that protein kinase C functions at a point upstream from p70 S6 kinase in the FGF-2-regulated IL-6 synthesis in MC3T3-E1 cells. We showed here that the phosphorylated levels of FGF-2-induced p70 S6 kinase were markedly reduced by Go6976 and bisindolylmaleimide I. In addition, we demonstrated that calphostin C, another type inhibitor of protein kinase C, suppressed the FGF-2-induced phosphorylation of p70 S6 kinase. Taking our findings into account as a whole, it is probable that p70 S6 kinase acts as a negative regulator at a point downstream from protein kinase C in the FGF-2-stimulated IL-6 synthesis in osteoblast-like MC3T3-E1 cells.
It is generally recognized that the p70 S6 kinase pathway plays an important role in various cellular functions, especially cell cycle progression (Pullen & Thomas 1997) . Based on our results, it is probable that the p70 S6 kinase pathway in osteoblasts has a pivotal role in the control of the production of IL-6, one of the key factors in bone remodeling. In our previous study (Takai et al. 2007a) , we showed that p70 S6 kinase downregulates platelet-derived growth factor-BB-stimulated IL-6 synthesis in osteoblast-like MC3T3-E1 cells. Since IL-6 is one of the most potent stimulators of osteoclast activity (Kwan et al. 2004) , our results lead us to speculate that p70 S6 kinase signaling activated by growth factors such as FGF-2 and platelet-derived growth factor-BB in osteoblasts acts as a key regulator to suppress oversynthesizing IL-6, resulting in the prevention of excess bone resorption in the process of bone remodeling. Therefore, the p70 S6 kinase pathway in osteoblasts might be considered to be a new candidate as a molecular target of bone resorption concurrent with various bone diseases. On the other hand, we have recently reported that p70 S6 kinase acts as a negative regulator in the FGF-2-stimulated synthesis of VEGF factor in MC3T3-E1 cells (Takai et al. 2007b) . It is well recognized that VEGF is angiogenic growth factor specific for vascular endothelial cells that provide microvasculature indispensable for bone remodeling (Erlebacher et al. 1995 , Ferrara & Davis-Smyth 1997 . Taking our findings into account as a whole, p70 S6 kinase might play a central role in bone metabolism through the fine-tuning of the local factor network. Further investigation is required to clarify the exact role of p70 S6 kinase in bone metabolism. In conclusion, our results strongly suggest that p70 S6 kinase functions at a point downstream of protein kinase C and limits FGF-2-stimulated IL-6 synthesis in osteoblasts.
